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Chromatation pre-treatments have been widely used to improve galvanized steel corrosion 
resistance. However, due to the high toxicity of chromate ions, chromatation pre-treatments 
tend to be banned and, in last years, alternative coating systems are under investigation. 
Recently, polysiloxanes have been developed for application as coatings. Among them, and 
due to their specific properties, such as hardness, chemical resistance and hydrophobicity, 
silicone resins may be considered as promising substitutes for chromatation pre-treatments. 
In this work silicone films, obtained from the hydrolysis of a methoxy functional silicone 
reactive intermediate, were applied on galvanized steel and on steel electroplated with a ZnFe 
alloy. Electrochemical techniques were used to characterise the degradation behaviour of the 
samples. These consisted on the monitoring of the open circuit potential (OCP), and on the 
potentiodynamic polarization of the samples, which was performed in a 3% NaCl aqueous 
solution. Additionally, electrochemical impedance spectroscopy (EIS) was used as a 
complementary technique for the evaluation of the corrosion mechanisms of the coating 
system. SEM and EDS were employed to inspect the surface of the samples before and after 
the electrochemical tests. EIS data was fitted to an equivalent circuit from which the 
electrochemical parameters were obtained. 
Results show the protective character of the resin films, when compared with uncovered 
specimens. The capacitance of the films increased with the immersion time, in accordance to 
the behaviour expected for an organic film. The overall performance of the coating systems 
appears to be highly dependent on the type of metallic coating applied to the steel. During the 
first three days of immersion the coatings applied upon galvanized steel showed larger |Z| 
values when compared with those applied to the electroplated steel, indicating a superior 
corrosion resistance of the former. However, after that time, an abrupt drop of |Z| is observed 
in the film applied on galvanized steel. In comparison, the coating system involving ZnFe 
alloy evidences a better stability throughout the immersion time. 
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Introduction 
 
Painting of metallic surfaces constitutes an efficient way to provide protection and 
corrosive prevention for these surfaces. An industrial coating system may consist of several 
layers each one having different functions. A chemical-conversion coating of chromate or 
phosphate is often applied initially to provide a substrate of superior adherence. A primer 
coating of good surface adherence and inhibitive properties may be required; these improve 
the durability of the final topcoats, which have maximum resistance to weather  [1-2].   
Nowadays, because of toxicity of chromate ions, environmentally legislation has 
pressured for to prohibit the pre-treatment with chromates. As a consequence alternative pre-
treatments have been researched. Thus, polysiloxanes, materials that own Si-O groups, were 
developed as a viable alternative [3-4]. Polysiloxanes are inorganic polymers that contain 
silicon and oxygen atoms at the principal chain and are characterized for three-dimensional 
siloxanes net with organic substitutes constituting the units that form the net. At this group the 
silicone resins can be included. The term “silicone resin” refers to a class of nonlinear, largely 
silsesquioxane, containing polyorganosiloxanes and formulation there from. Commercial 
silicone resins can be classified into a DT type, which mainly consist of D and T units, and a 
MQ type, which comprise M and Q units, see figure 1[5-6]. The application of silicone 
chemistry has permitted the development of a simple mechanical treatment for metal surface, 
these chemicals are easy to handle and non-toxic. Furthermore they provide a better adhesive 
surface for paints [7]. 
 
 
 
Figure 1: Structures based in the number of oxygen bound to metal atom. 
 
The present paper focused on the valuation of commercial silicone resin (R-3074 – Dow 
Corning) used to cover Zn (galvanized) and ZnFe coated steel without chromate pre-
treatments. This resin is a methoxy-functional low-molecular weight, silicone-reactive 
intermediate. Electrochemical techniques, EIS and potentiodynamic polarization, were used to 
monitor the behaviour of coating system in a corrosive electrolytic medium. Results were 
confronted with samples without resin coating to verify the effectiveness of this material.  
 
Experimental 
 
The experimental procedure can be divided in three parts: Preparation of silicone resins 
films, application of resin upon the Zn and ZnFe coated steel and analysis. 
 
Preparation of silicone resins: 
 
Sol-gel process was used in the resin films preparation. The intermediate R-3074 was 
mix with Dibutylthin diacetate, catalytic, in the proportion of 0.2% mass. This mixture was 
agitated for about 15 minutes, until getting an ideal viscosity to application on the substrates.  
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Application: 
 
Two substrates were utilised and their characteristics are presented in table 1, none post-
plating passivation treatments was made on the substrates. 
 
Table1: Substrates used and their characteristics. 
Steel substrate Thickness of the coating 
Galvanized 5µm 
Electroplated ZnFe 5µm 
 
Before coat application the substrates were cleaned in order to remove any kind of 
grease. The application was done by a baton that spread the resin upon the plates. A box 
specially designed and dimensioned was used to obtain resin coating 25µm thick. The curing 
temperature was 200ºC for 12 hours. Samples are referred as Zn and ZnFe, corresponding to 
the galvanized and electroplated ZnFe specimens and as Zn/R and ZnFe/R when they are 
coated with resin.  
 
Analyses: 
   
A PGZ 100 Voltalab potentiostat (Radiometer, Denmark), controlled by the Volta 
Master-4 software, was used in the Electrochemical Impedance Spectroscopy (EIS) 
experiments. A three-electrode cell arrangement was used in the experiments. The exposed 
area was 1,86cm2. The reference electrode was a saturated calomel electrode and the counter 
electrode was platinum.  The electrolyte was a 3% NaCl solution and the impedance spectra 
were ranged from 105 to 10-2Hz. The amplitude of a.c. signal imposed was 10mV. 
Measurements were made at different exposure times, until 3 days of exposure. The 
impedance spectra were analysed using ZView software and equivalent electrical circuits 
model had been used to evaluation the behaviour of coatings in corrosive environments. 
The open circuit potential (OCP) and the electrochemical polarisation were measured in 
a Potentiostat PGP 201 (Radiometer, Copenhagen) controlled by the Voltamaster-1 software.  
The OCP was registered during 60 min and the potentiodynamic polarisation was determined 
in a range of -1700 to 0 mV at a scan rate of 2mV/s. All tests were carried out at ambient 
temperature in a 3% NaC1 solution.  
The morphology of coatings was determined using a Scanning Electron Microscopy 
(SEM). In the same way, the chemical composition was evaluated by an energy dispersive 
spectrometer (EDS). Surfaces of resin coatings were analysed at initial conditions and after 
EIS tests.  
 
Results and discussion 
 
In figure 2a) the open circuit potential (OCP) representative of the behaviour of the 
samples is presented. As it can be observed, after one hour of immersion, the Zn-coated 
samples exhibit a corrosion potential ca. 200 mV higher than that of the ZnFe-coated samples, 
this being an indication of a lower tendency for corrosion evidenced by the Zn-coated sample. 
However, considering the resin coated samples, one can observe that after one hour the 
corrosion potential is of the same order of magnitude for both the Zn- and the ZnFe-coated 
samples. Both samples tend to a stable corrosion potential, which is, however, lower than that 
of the Zn-coated samples. Nevertheless, it should be referred the dissimilar evolution of the 
potential curves for the ZnFe/R and the Zn/R curves. In fact, for the Zn/R sample the 
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corrosion tendency appears to increase with the immersion time, as shown by the decrease in 
potential, while for the ZnFe/R sample a slight increase in corrosion potential is observed. 
 
0 600 1200 1800 2400 3000 3600
-1200
-1100
-1000
-900
-800
-700
-600
-500
-400
-300
E(
m
V
 v
s. 
SC
E)
Time (seconds)
 Zn/R
 ZnFe/R
 Zn
 ZnFe
(a)
10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
E 
(V
 v
s. 
SC
E)
i(A/cm2)
 Zn
 ZnFe
 Zn/R
 ZnFe/R
(b)
 
Figure 2: Open circuit potential and polarization curves of uncoated samples and resin-
coated systems. 
 
Representative potentiodynamic polarization curves expressing the behaviour of the 
samples are presented in fig. 2b. A first remark to be made refers to the Zn/R and ZnFe/R 
curves, both displaying a passive plateau characterised by a corrosion current density ranging 
from 10-7 to 10-6 A.cm-2. As it can be seen, the passive plateau for the Zn/R sample is present 
for a larger potential range than that of the ZnFe/R sample. Also, the passive current densities 
for the resin coated samples are 2 and 5 decades lower than that of the Zn and ZnFe samples, 
respectively, this being a strong indication of the protective character of the resin.  
The monitoring of the time dependence of the electrochemical impedance of the coated 
samples, exposed to NaCl solution, allowed the evolution of the corrosion protection 
character of each coating system to be compared. It is well known that equivalent electrical 
circuits can be used to explain the electrochemical impedance data obtained by the EIS tests. 
These models use a combination of resistance, capacitance and other elements which have a 
clear physical meaning, related with the response of the electrochemical system [8]. In this 
work a general equivalent electrical circuit model for coating systems was used, as illustrated 
in fig. 3. This circuit was used by some authors to describe the behaviour of a polymer coated 
metal [8-10], where Re is the electrolyte resistance, Rp is the coating pore resistance, Cc is the 
coating capacitance, Rct is the charge-transfer resistance and CDL is the double-layer 
capacitance at the coating/solution interface. All the capacitances shown in the equivalent 
electrical circuit are mathematically modelled using a constant phase element (cpe); this 
element represents all the frequency dependent electrochemical phenomena. The results from 
EIS was successful adjusted to this circuit, with the exception of the data obtained in the Zn/R 
samples immersed for one hour of sample, where a simple electrical circuit just with a Re, Cc 
and Rp was fitted to the experimental data. 
 
Figure 3: Equivalent electrical circuit 
 
Figure 4 shows results obtained in samples Zn and ZnFe in the EIS experiments. As 
shown in fig 4a, the values of |Z| for both samples at different times of immersion are in the 
range 102-103Ω. A relaxation time observed at the low frequency region, for the third day of 
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exposure, denotes the presence of a degradation process occurring on the samples surfaces 
caused by the time of immersion, fig. 4b. Sample Zn presents a better behaviour in the first 
hour of immersion, as shown both by the high |Z| value and the high phase angle, but the EIS 
results suggests a degradation of the protective characteristics of the films after 3 days of 
immersion. In contrast, the ZnFe sample increases the value of |Z| after three days of 
immersion, indicating an increase of the protective characteristics of the coating. This 
behaviour may perhaps be attributed to the blockade of surface pores with corrosion products. 
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Figure 4: Bode Plots of Zn and ZnFe specimens at different times of immersion. 
 
Figure 5 shows the evolution with immersion time of the Bode plots resulting from the 
EIS tests carried out in the resin coated samples. The first remark to be done refers to the 
barrier against corrosion provided by these resin coatings. In fact, as it can be seen in fig 5 a) 
and c), |Z| values at low frequencies, are several decades higher than that found on the resin 
uncoated sample (10-9 Ω for the Zn/R sample, and 10-7 Ω to ZnFe/R sample), after one hour 
of immersion. Additionally, as seen in fig 5 b) and d), phase angles approaching 900, at high 
frequencies, are indicative of a capacitive behaviour to coatings. 
It should be referred a distinctive behaviour of the resin-coated samples, depending on 
the nature of the substrate. In fact, in the Zn/R sample the impedance spectra changed from a 
capacitive nature after one hour of immersion, which is typical of intact coatings, to a 
spectrum containing two time constants [11]. On the order hand, sample ZnFe/R exhibited 
two time constants since the first hour of immersion, indicating the influence of the 
ZnFe/resin interface on the corrosion process. By other words, it might represent an indication 
of some permeability of the resin from the first moments of immersion. A decrease of |Z| with 
immersion time can be observed for the two samples. However for the Zn/R sample this fall is 
more accentuated, mainly after the second day of immersion.  
According to some authors, the evaluation of Cc can be associated to water uptake or the 
entry of electrolyte into the coating [9, 11]. In fig. 6 a) the dependence of the coating 
capacitance (Cc) and of the double-layer capacitance (CDL), with the immersion time is 
presented. Firstly, the Cc values for the Zn/R and ZnFe/R are always lower than the values 
calculated for the samples without resin, indicating a good protective character of the resin 
over the substrate. Also, as it can be observed, Cc for the two resin-coated samples maintains 
very stable, maybe with a slight tendency to increase, throughout the immersion time, this 
being an indication of the maintenance of good protective properties of the resin coating. The 
continuous raise of the double-layer capacitance CDL, presented in figure 6 b), is 
representative of the increase of the area at which delamination or corrosion occurs [10]. This 
increase was largest for sample Zn/R, which indicate this coating system provide the least 
corrosion protection. 
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Figure 5: Bode plots of specimens Zn/R (a - b) and ZnFe/R (c - d) at different immersion 
times. 
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Figure 6: Time dependence of coating capacitance (Cc) and double-layer capacitance (CDL) 
in a 3% NaCl solution. (a) Cc of resin coated and uncovered samples; (b) CDL of Zn/R and 
ZnFe/R. 
  
Figure 7 a) shows the variation of the Rp at function of immersion time for all samples. 
In the first moments of immersion Rp for the Zn/R sample is substantially higher than that 
calculated for the ZnFe/R sample. However, the decrease of Rp with the immersion time was 
found to be more abrupt for the Zn/R sample. For both samples the pore resistance stabilizes 
at a value near 106 Ω.cm-2. In comparison with the systems without resin, the values of Rp are 
bigger until the end of experiments showing that the resin continues protecting the substrate. 
The evaluation of the evolution of Rct with the immersion time shows that, although the 
higher Rct shown by the Zn/R sample during the first hours of immersion when compared 
with the ZnFe/R sample, after 3 days the Zn/R sample displays a charge transfer resistance 
more than one decade lower than the ZnFe/R sample. Nevertheless, for both resin-coated 
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systems, Rct is much higher for the resin-coated samples than for the samples without the 
resin coatings.  
 
0 6 12 18 24 30 36 42 48 54 60 66 72
100
101
102
10310
5
106
107
108
109
R
p(Ω
.c
m
2 )
Time (hours)
 Zn/R
 ZnFe/R
 Zn
 ZnFe
(a)
0 6 12 18 24 30 36 42 48 54 60 66 72
101
102
103
104
105
106
107
108
109
R
ct
 (Ω
.c
m
2 )
Time (hours)
 Zn/R
 ZnFe/R
 Zn
 ZnFe
(c)
 
Figure 7: Time dependence of the coating pore resistance (Rp) and charge-transfer tesistance 
(Rct), for all samples in a 3% NaCl solution. 
 
As referred above, EIS data indicates that absorption of the electrolyte by the resin is 
likely to occur after some time of immersion. In figure 8, representative SEM micrographs of 
the surface of the Zn/R samples before and after the EIS test are presented. As it can be seen, 
the surface of the samples appears to be very smooth, and no signs of significant defects are 
observed before the immersion of the samples in the saline solution. However, after the EIS 
test, some white spots are observed in the surface, which appears to be due to a slight swell of 
the resin coating, this being an indication of penetration of the electrolyte into the resin at 
dispersed spots, resulting in lack of adhesion at those regions, probably due to the de-cohesion 
of the coating. By EDS it was not possible to identify the presence of any corrosion products 
at those spots. Consequently, any corrosion products resulting from the reaction of the Zn 
substrate with the solution at those spots, are apparently kept at the Zn/resin interface, 
explaining the de-cohesion of the resin coat. 
 
 
Figure 8: SEM micrographs of surface of sample Zn/R before EIS test (a) and after the EIS 
test (b). 
 
In fact, both the potentiodynamic polarization and EIS results indicates that the 
behaviour of the resin-coated samples results from the events happening at the resin/substrate 
interface. In this aspect, as referred above, the Zn/R samples, although presenting a superior 
corrosion resistance in the beginning of the tests, presents a higher tendency to degradation 
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during immersion. In figure 9 cross-sections representative of both resin-coated systems are 
presented. As it can be seen, in both systems the resin coating appears to be very compact, 
and no open pores can be detected. However, the observation of the resin/substrate interface 
reveals a defective adhesion of the resin to the Zn sample, which might lead to accumulation 
of electrolyte, in case of its penetration through the coating.  
 
(a) 
 
(b) 
 
Figure 9: SEM micrographs of the cross section of Zn/R (a) and ZnFe/R (b). 1- Image of 
secondary electrons.  2- Image of back-scattered electrons.  
 
Conclusions 
 
Zn coated steel showed a superior corrosion resistance when compared with the ZnFe 
coated steel. Additionally, silicone films have shown the ability of providing supplemental 
corrosion protection to Zn and ZnFe coated steel. However, in contrast with the behaviour of 
the resin-uncoated samples, the performance of the ZnFe resin-coated samples in contact with 
a sodium chloride solution becomes better than that of the Zn resin-coated samples. 
Penetration of the solution through the resin coating and a defective adhesion of the silicone 
to the galvanized steel might explain this behaviour. 
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